Abstract Preferential hydrogen diffusion paths in lowcarbon ferritic steel and transformation-induced plasticity (TRIP) steel characteristic of new advanced high strength sheet steels (AHSS) were evaluated via the hydrogen microprint technique (HMT). As a consequence of hydrogen diffusion and evolution from the sample after charging, the technique involves reduction of AgBr emulsion applied to the surface of a charged sample to produce discrete Ag grains which identify, via scanning electron microscope (SEM) imaging, locations where hydrogen evolved. Enhancements to the results are revealed through a newly developed image-before-etch HMT method, consisting of SEM imaging before and then again after etching. The modified technique was implemented to facilitate direct comparison of silver grains with the features of an etched multi-phase TRIP steel microstructure. Results from SEM imaging demonstrated the effectiveness of the imagebefore-etch method to avoid artifacts and to positively identify hydrogen evolution sites in AHSS TRIP steel microstructures.
Introduction
Diffusible hydrogen, at levels as low as 1-2 ppm [1] [2] [3] , in high strength steel has been documented to cause deleterious effects to mechanical properties. Therefore, to understand and possibly mitigate hydrogen embrittlement, significant effort has been focused on investigating paths by which hydrogen diffuses through steel. Hydrogen is the smallest element and accordingly it has extremely fast diffusion rates in ferrite at room temperature, e.g., 10
-5 cm 2 /s [2] , which makes many methods of observing hydrogen very difficult. In contrast, room temperature hydrogen diffusion in austenite has been reported to be significantly slower, &10 -12 cm 2 /s [4] . A unique method that has been used to identify the location of hydrogen evolution at a steel surface is the hydrogen microprint technique (HMT) [5, 6] . This technique utilizes the reduction of AgBr, coated on the surface, to produce silver grains observable in a scanning electron microscope (SEM) and then correlated to the location of hydrogen. Ovejero-Garcia [6] first developed the technique; however, many modifications have been incorporated by Ichitani et al. [7] to increase the detection efficiency of the method.
The procedure developed by Ovejero-Garcia [6] involved charging polished steel, application of a AgBr emulsion, and exposure to allow the hydrogen to evolve out of the steel and react with the emulsion. After exposure, photographic fixing removed unreacted AgBr crystals and the remaining silver particles mapped the locations where hydrogen exited the steel surface. Much of the previous work using HMT was performed on coarse-grained steels that were primarily ferrite. The large grain size (typically [10 lm) made for easy interpretation of the silver distributions and consequently hydrogen locations resulting from grain boundary or bulk diffusion [6, 8, 9] . However, application of this technique to multi-phase finer-grained steels necessitates more precise spatial identification of phases to properly determine hydrogen locations with respect to the microstructure.
Advances in the HMT methodology made by Ichitani et al. [5, 7] include etching the steel prior to applying the emulsion coating. Etching provided a means to identify the location of silver with respect to microstructural features. It was also found that electroplating a very thin nickel coating on the etched surface enhanced the detection efficiency by assisting ionization of hydrogen atoms. In addition to nickel plating, the emulsion was exposed to elevated humidity levels to enhance detection efficiency. It was found that at relative humidity levels [80%, water facilitated the transfer of ionic species. Applying these modifications, detection efficiencies were reported at 40%, meaning four out of every ten hydrogen atoms permeating the steel resulted in observed reduction of silver [7] .
With significant research today in development of advanced high strength steel (AHSS), there is greater interest in hydrogen interactions with steels that have strength levels above 1000 MPa and that consist of multiphase microstructures with refined constituents, often 1-2 lm. Therefore, it is the purpose of this paper to discuss the development of a new image-before-etch method used to identify hydrogen evolution sites with respect to fine microstructures. Secondly, a transformation-induced plasticity (TRIP) steel, characteristic of AHSS, was selected to assess the applicability of the new HMT method in determining hydrogen evolution sites.
Materials and Methods

Fundamentals of the HMT
A monolayer of liquid emulsion containing AgBr is coated onto steel [7] . After hydrogen diffuses through the microstructure, it exits the steel and reduces the Ag ? to Ag 0 as shown in Eq. 1 [8] 
Spatial resolution of the silver grains in SEM imaging has been reported as low as 0.1 lm [5] . A schematic representation of the reduction of Ag ? ? Ag 0 as described above is shown in Fig. 1 [5] .
Material
Two sheet steels, recently studied in papers focused on hydrogen embrittlement of AHSS [3, 11] , were examined in this study: TRIP steel with thickness of 1.2 mm and low-carbon ferritic mild steel of 1.0 mm. The chemical compositions of the two steels are shown in Table 1 . In the TRIP steel microstructure, shown in Fig. 2(a) , darker regions consist of 14.5% retained austenite (RA) (as measured by x-ray diffraction) or martensite/austenite (M-A) and bainite, and light gray regions are polygonal ferrite, with an average intercritical ferrite (ICF) grain size of *3 lm. SEM imaging was used to identify the fine microstructural constituents of TRIP steel (in Fig. 2a ) and are discussed in more detail below. RA films are on the order of 1 lm thick or less. The low-carbon steel microstructure, Fig. 2(b) , consists primarily of ferrite with an average grain size of 17 lm, and a low volume fraction of grain boundary cementite.
Hydrogen Charging and HMT Testing
Coupons (20 mm 9 20 mm 9 sheet thickness) were cathodically charged at 5 mA/cm 2 in a 1 N H 2 SO 4 ? 1 mg/L As 2 O 3 electrolyte for 80 min. During charging, the electrolyte was only in contact with one side of the sheet steel, thus promoting unidirectional diffusion of hydrogen. Prior to charging, the steel surface in contact with the electrolyte was ground to 600 grit and the opposing side open to atmosphere was polished to 1 lm. These surfaces are referred to, respectively, as ''ground'' and ''polished''. A protective plastic film was placed on the 1 lm polished side to prevent contact with the electrolyte. After hydrogen charging, the plastic film was removed and the sample was cleaned with distilled water and ethanol to remove any acid. The AgBr emulsion, formed by diluting 10 g of Ilford L-4 AgBr gel into 20 mL of 1.4 mol/L NaNO 2 [5, 7] , was then applied to the polished side via a wire-loop method [6] with a wire diameter of *0.3 mm and a loop diameter of *38 mm. The wire loop was submerged in an emulsion slurry, and on removal a thin slurry film, held in place by surface tension, was suspended within the loop (i.e., similar to a ring and soap bubble). The loop was then dropped over the top of the steel sample, depositing a uniform emulsion layer on the surface for analysis. Time between removal from the charging set-up and application of AgBr emulsion was 3-4 min. The emulsion was then allowed to dry for 3 min, forming a gel, and was placed for 1 h in a humidified chamber, with the relative humidity [80%. Elevated humidity facilitated transfer of ionic species and prevented the emulsion from drying and cracking, which would allow areas for hydrogen to escape without reacting with the AgBr [7] . This treatment was conducted in a dark room to prevent any reduction of silver bromide by light [12] . During the 1 h exposure, hydrogen evolved out of the steel and reduced the AgBr to Ag through the reaction described in Eq. 1 [7] . Following the 1 h exposure, the steel was placed in a formalin solution for 3 s to prevent redistribution of silver grains followed immediately by 10 min in 0.60 mol/L Na 2 S 2 O 3 (to remove the unreacted AgBr crystals) diluted with 1.4 mol/L NaNO 2 (to prevent corrosion of the steel) [5] .
Two methods, identified here as image-after-etch and image-before-etch, were applied with respect to the sequence of SEM imaging and etching. In the image-afteretch method, etching of the polished surface was performed prior to hydrogen charging and application of AgBr emulsion. Therefore, following photographic fixing, SEM images were taken of silver grains on an etched microstructure. In the image-before-etch method, steel was hydrogen charged, emulsion was applied to the polished surface, and SEM images were taken of silver grains on the polished surface. Surfaces were then cleaned, etched with 2% nital for 2 s, and re-imaged. Fiducial marks were used to relocate the original positions and SEM images were recorded from the etched surface. The image-before-etch method facilitated direct comparison of the silver grains with respect to the etched microstructure. Figure 3 shows an SEM image of the TRIP microstructure etched with 2% nital for 10 s. RA and M-A constituents are preferentially elevated with respect to ICF, which is attacked preferentially by the nital [13] . The differences in topography are shown below to influence the HMT results. SEM images from HMT using the image-after-etch method, i.e., etched prior to charging, are shown in Fig. 4(a) for low-carbon steel and Fig. 4(b) for TRIP steel. The low-carbon steel, in Fig. 4(a) , shows ubiquitous silver grains covering the grain boundaries and interior of grains, with no specific location preference. Silver grains were identified by energy dispersive spectroscopy (EDS) and are observed as white spheres. Observation of a homogeneous distribution of silver across grains and grain boundaries suggests that there is no preferential diffusion path of hydrogen through the steel. Similar results, with respect to silver locations, were reported in the literature for lowcarbon steels [5, 14] . Figure 4(b) shows the results from the image-after-etch method on TRIP steel in which silver grains were observed predominantly on austenitic regions, as shown in Fig. 3 , were elevated with respect to the ferrite where negligible amounts of silver are apparent. The HMT SEM image of etched TRIP steel in Fig. 4(b) gives the appearance that hydrogen diffused mainly through austenite as opposed to ferrite. This observation is contrary to predictions based on room temperature hydrogen diffusivities in ferrite and austenite reported in the literature, 10 -5 and 10 -12 cm 2 /s [2, 4] , respectively. It was anticipated that as a consequence of the higher diffusivity in ferrite, more silver grains would be observed in the ferrite than in the austenite. Reasons for this discrepancy are discussed below. Figure 4 also shows that despite equal charging and exposure times, the quantity of silver grains is much greater on the low-carbon steel than on the TRIP steel. The latter observation could be due to the higher diffusivity of hydrogen in a fully ferritic microstructure and/or increased quantities of hydrogen evolving in the fixed exposure time due to the thinner gage of the low carbon steel (1.0 vs. 1.2 mm). Figure 5 presents SEM images of TRIP steel observable by HMT image-before-etch method. SEM images of hydrogen charged polished steel, covered with emulsion, and held for 1 h exposure are shown in Fig. 5(a) and (c) representing two regions of the same TRIP steel sample. with the highest hydrogen diffusivity. Slightly elevated silver concentrations were observed in Fig. 5(a) and (c) near grain boundaries of austenite and ferrite or M-A and ferrite indicating possibly greater diffusion paths. In comparison to the TRIP steel, application of the imagebefore-etch method to the low carbon steel produced an image identical to that for image-after-etch method in Fig. 4(a) in which silver grains uniformly covered the surface indicating no preferential diffusion path. Lower amounts of surface relief were expected to be present in the single-phase ferritic microstructure of the low-carbon steel, resulting in more uniform contact of the AgBr emulsion. Comparison of HMT images in Fig. 5(a) and (c) on polished samples with the corresponding HMT image on an etched sample (Fig. 4b) shows that the results are highly sensitive to sample preparation. The image-after-etch method, in which the sample was etched prior to applying the emulsion, apparently resulted in surface relief that prevented uniform contact of the emulsion to the etched surface. The resulting SEM images thus exhibited an artifact where the silver was associated with the elevated regions of austenite rather than the ferritic regions which evolved the hydrogen. One possible explanation for this phenomenon would be that hydrogen that evolved at austenite-ferrite grain boundaries may have reduced the AgBr emulsion locally at sites which were in contact with the emulsion, i.e., austenite. In the image-before-etch method, the emulsion was applied to an unetched, flat surface and it was interpreted that more uniform contact of the emulsion with the surface occurred resulting in direct observance of the sites where hydrogen evolved from the steel surface.
Results and Discussion
The results from application of the two HMT methods revealed that fine TRIP microstructures, characteristic of AHSS, necessitate that the newly developed image-beforeetch method be used to positively identify hydrogen evolution sites in the microstructure. Using the image-beforeetch method, in which etching was performed after imaging of silver grains, SEM images revealed hydrogen evolution sites to be predominantly ferrite.
Conclusions
A newly developed image-before-etch HMT, where imaging was performed before and after etching, was used to identify hydrogen diffusion paths in multi-phase, fine grained TRIP steel. The image-before-etch method is critical to clearly observe hydrogen migration paths and correlate the locations with the microstructure in fine grained AHSS TRIP steel. Application of the traditional image-after-etch method to surfaces with significant topography, introduced by etching, leads to hydrogen locations that are inconsistent with room temperature hydrogen diffusivities in multi-phase TRIP steel.
